I. INTRODUCTION

R
ECENT YEARS have seen a rich variety of approaches to long-wavelength vertical-cavity surface-emitting lasers (VCSELs) [1] - [9] . Both epitaxial mirror approaches and wafer-bonded mirror approaches have achieved room-temperature continuous-wave (RTCW) powers in the neighborhood of 1 mW or greater, and a few authors have reported continuous-wave (CW) lasing beyond 100 C [1] - [4] .
In the neighborhood of 1.3 m, the best output power and temperature performance have been achieved by [1] using GaInNAs-GaAs active regions in conjunction with epitaxially grown GaAs-AlGaAs mirrors. References [2] and [3] , which use an integrated 850-nm optical pump and wafer-bonded AlGaAs mirrors, have reported comparable room temperature single-mode powers at longer wavelengths than [1] , but with reduced power relative to [1] at higher temperatures. Reference [1] reports RTCW single-mode powers of 2 mW, 1-mW CW single-mode power at 90 C, and well above 110 C max CW lasing temperature at wavelengths near 1267 nm.
In the neighborhood of 1.55 m, the best results to date have been achieved using the buried tunnel junction approach with one epitaxially grown AlInGaAs-InP mirror and one dielectric mirror [4] , [5] , [8] . Thus far, approaches based on epitaxially grown mirrors have suffered from wavelength restrictions within the 1250-1650 nm communication wavelength bands. The buried tunnel junction approach with epitaxial InP-based mirrors, although quite successful at longer wavelengths, suffers from reduced mirror contrast, and therefore, reduced RTCW single-mode powers at 1310 nm [5] . Additionally, epitaxial InP-based mirrors suffer from significantly reduced thermal conductivity compared to GaAs-AlGaAs. Similarly, GaInNAs-GaAs gain regions suffer sharp degradation of optical quality when moving from 1260 to 1310 nm, and operation at 1550 nm provides severe technological challenges. For these reasons, wafer bonding remains an attractive solution for long-wavelength VCSELs, because the thermally optimum mirror system (GaAs-AlGaAs) can be combined with the highest gain active material system (AlInGaAs-InP) to create maximum performance across the entire 1250-1650 nm range. This also makes this technology well suited for CWDM applications.
Early work on electrically pumped wafer-bonded VCSELs suffered from p-type free-carrier losses and large voltage drops at the p-p bonded interface [9] . The work of [2] and [3] circumvented this problem by introducing a vertically integrated 850-nm optical pump and a completely undoped 1310-nm VCSEL. The current work solves the problem by electrically bypassing the bonded interface using two intracavity contacts, and minimizing p-type absorption through the use of a buried tunnel junction. This provides a solution with room temperature single-mode performance comparable to [2] , [3] , but with a considerably simpler epitaxial structure and superior high-temperature performance. Fig. 1 illustrates the present device structure. The cavity region consists of a p-i-n five quantum-well AlInGaAs active region with 1.1% compressive strain and strain compensated barriers. On top of this active region is a p+AlInAs-n+InP patterned tunnel junction which is buried by a regrown n-InP contact layer. The buried tunnel junction approach was pioneered by the authors of [4] and [5] , in conjunction with epitaxially grown mirrors.
II. DEVICE STRUCTURE
The etched tunnel junction introduces a step of about 300 Å in the top surface of the regrown contact layer in Fig. 1 . This surface is sufficiently planar to permit wafer bonding of an undoped 27-or 25-period 92% AlGaAs-GaAs top mirror. The back mirror is also a wafer-bonded 92% AlGaAs-GaAs stack, consisting of 31 or 35 periods. Intracavity contacts are made to both top and bottom n-InP contact layers.
III. DEVICE RESULTS AND DISCUSSION
Light-current-voltage temperature (LIVT) and spectral properties of devices with two different gain offsets were investigated. Fig. 2 illustrates the LIVT curve of an 8-m device operating at 1335 nm. This device employs 27 periods on the output mirror, and 31 periods on the back mirror. Since the photoluminescence (PL) wavelength of the active material was at 1275 nm, this device operated with a large PL offset of 60 nm. The net result is a record maximum CW operating stage temperature of 134 C. Care was taken during temperature measurements to calibrate the measuring thermocouple. Fig. 3 illustrates the accompanying threshold versus temperature characteristic, illustrating a minimum 1-mA threshold current at 90 C. These devices exhibit multimode behavior. Fig. 4 illustrates the light-current temperature (LIT) curve of another 8-m device operating at 1320 nm, with a smaller PL offset of approximately 45 nm. This device employs 25 mirror periods on the output mirror and 35 on the back mirror. The device of Fig. 4 exhibits approximately 2-mW RTCW single-mode output power, and 1.0-mW RTCW single-mode power at 80 C. The maximum CW operating temperature of this device is 110 C. These single-mode power results are close to the record results of [1] , and at wavelengths (1310-1320 nm) where the GaInNAs-GaAs technology of [1] has not demonstrated good performance. Additionally, the single-mode power at elevated temperatures exceeds that of the integrated optically pumped approach [2] , [3] . Fig. 5 illustrates the single-mode spectrum of this device at two temperatures, at currents near the rollover power.
The devices of Figs. 2-5 all exhibit a large series resistance of approximately 330 . This arises both from a nonoptimized tunnel junction, and from the low cm doping level of the n-type current spreading layers, in conjunction with the large diameter of both ring contacts injecting current into the buried tunnel junction aperture region. This large lateral resistance also leads to current crowding near the edges of the aperture. This in turn leads to the larger device diameters (12 m and greater) exhibiting poor output power and temperature performance relative to the 8-m apertures in Figs. 2-5.
IV. CONCLUSION
The present work has demonstrated a device structure that overcomes the output power and temperature performance limitations of previous electrically pumped wafer-bonded devices. The device structure has produced the highest published CW operating temperature (134 C) of any VCSEL in the 1250-1650 nm range, and is the first VCSEL in the 1290-1360 nm band to demonstrate 1-mW CW single-mode power at 70 C.
The present devices still suffer from relatively large voltage due to a nonoptimized tunnel junction and excessive lateral current spreading resistance. Reduction of tunnel junction voltage has previously been demonstrated in [6] , and theory indicates that considerable reduction of lateral spreading resistance can be accomplished by increasing n-InP contact layer dopings to cm , resulting in negligible increase of free-carrier absorption, along with reduced diameter ring contacts. These improvements promise to further increase single-mode output power and temperature performance.
